In studies that involve the use of a room calorimeter, 24 h energy intake is often larger than 24 h energy expenditure (24 h EE) because of a decrease in activity energy expenditure due to the con®ned space. This positive energy balance can have large consequences for the interpretation of substrate balances. The objective of this study was to develop a method for predicting an individual's 24 h EE in a room calorimeter at both low (1.4ÂRMR) and high (1.8ÂRMR) levels of physical activity. METHODS: Two methods are presented that predict an individual's 24 h EE in a metabolic chamber. The ®rst method was based on three components: (1) a 30 min measurement of resting metabolic rate (RMR) using a ventilated hood system; (2) measurement of exercise energy expenditure during 10 min of treadmill walking; and (3) estimation of free-living energy expenditure using a tri-axial motion sensor. Using these measurements we calculated the amount of treadmill time needed for each individual in order to obtain a total 24 h EE at either a low (1.4ÂRMR) or a high (1.8ÂRMR) level of physical activity. We also developed a method to predict total 24 h EE during the chamber stay by using the energy expenditure values for the different levels of activity as measured during the hours already spent in the chamber. This would provide us with a tool to adjust the exercise time andaor energy intake during the chamber stay. RESULTS: Method 1: there was no signi®cant difference in expected and measured 24 h EE under either low (9.35 AE 0.56 vs 9.51 AE 0.47 MJaday; measured vs predicted) or high activity conditions (13.41 AE 0.74 vs 13.97 AE 0.78 MJaday; measured vs predicted). Method 2: the developed algorithm predicted 24 h EE for 97.6 AE 4.0% of the ®nal value at 3 h into the test day, and for 98.6 AE 3.7% at 7 h into the test day. CONCLUSION: Both methods provide accurate prediction of energy expenditure in a room calorimeter at both high and low levels of physical activity. It equally shows that it is possible to accurately predict total 24 h EE from energy expenditure values obtained at 3 and 7 h into the study. International Journal of Obesity (2001) 25, 929±934 
Introduction
For the assessment of the implications of various types of treatments including diet composition, physical activity and medication on 24 h energy expenditure (EE) and substrate utilization, whole room indirect calorimeters have proven to be a useful and reliable tool. Although total 24 h EE is little in¯uenced by either positive or negative energy balance, it is crucial for the interpretation of substrate balances that energy intake meets EE.
Although it has been shown that carbohydrate and protein oxidation adjust quickly to changes in intake, this is not the case for fat oxidation, 1 ± 4 so fat oxidation in particular is much in¯uenced by¯uctuations in energy balance. 5 ± 8 Therefore in many studies in which substrate oxidation is a primary endpoint an attempt is made to match the study participants' energy intake with their EE as closely as possible. Commonly the energy requirements of the individual in a metabolic chamber have been estimated based on using a percentage of recorded intake on a weight maintenance diet, 6,9 ± 11 or using either measured or calculated basal or resting metabolic rate (RMR), and multiply the obtained value by a predetermined activity factor (usually 1.4 or 1.5). 12 ± 14 However, in spite of all the attention that has been paid to matching energy intake to EE, these methods often have failed. 8, 15 Previous studies have shown that 24 h EE in a metabolic chamber can be measured in a reproducible way. 14 ± 17 In our chamber the within-person coef®cient of variation is approximately 5.5%. Therefore another approach to ascertaining that energy balance in a metabolic chamber is achieved is to measure 24 h EE on a separate day before the start of the study, and adjust energy intake accordingly. 17 Although this is probably the most accurate method, it is quite expensive and time-consuming. Also, with this method, energy intake is adjusted to meet EE but it does not allow for obtaining a predetermined level of EE.
In this paper two methods are presented that aim to accurately predict EE at both low and high levels of physical activity. In the ®rst study we developed and validated a method to individualize the exercise prescription (duration of treadmill walking) to a predetermined level of EE (1.4 Â RMR and 1.8 Â RMR). In the second study we developed and validated a simulation model that would provide us with a tool that allows us to adjust the prescribed treadmill time during the course of the test day, in order to achieve energy balance.
Methods

Study 1
Subjects. Fourteen volunteers, 13 men and one woman, participated in this study. Their characteristics are shown in Table 1 . All participants were healthy as determined by physical examination, and none were involved in aerobic physical activity for more than 2 h a week. The study was approved by the Institutional Review Board of the Pennington Biomedical Research Center, and all participants gave their written informed consent.
Experimental design. Participants came to the research center on three different occasions. During the ®rst visit RMR was measured using a ventilated hood system. The participants were set up with a triaxial motion sensor and were instructed to wear this for three consecutive days, including one weekend day in order to estimate free-living EE. On the second visit, their EE during treadmill walking was measured. Finally, on their third and last visit 24 h EE was measured in a whole body indirect calorimeter under one of the following conditions: low (1.4ÂRMR) or high (1.8ÂRMR) level of physical activity.
Diets. Participants were given a`standard American diet' (SAD) containing 37%EN (percentage energy) fat, 48%EN carbohydrate and 15%EN protein. All diets were prepared in the metabolic kitchen of our institution. Diet composition was determined using computerized food analysis software (Moore Extended Nutrient Database). Energy intake was calculated as either 1.4 or 1.8ÂRMR and was divided over three main meals and a snack. The diets contained commonly consumed food items.
Resting metabolic rate. RMR was measured by continuous indirect calorimetry using a ventilated hood system (SensorMedics 2900Z Metabolic Measurement Cart; SensorMedics, Loma Linda, CA), as previously described. 15 Brie¯y, calculations of O 2 consumption (VO 2 ) and CO 2 production (VCO 2 ) were made from continuous measurements of CO 2 and O 2 concentrations in expired air diluted in an air¯ow ($ 40 lamin) generated by the analyzer, and measurements of inspired air concentrations, measured at 15 min intervals. Before each test, the device was calibrated with a reference gas. For this measurement, volunteers reported to the metabolic unit between 8:00 and 8:30 a.m., after a 12 h overnight fast. After a 30 min supine rest, measurements of RMR were made during the following 30 min.
Energy expenditure during treadmill walking. The energy cost of physical activity was calculated by measuring VO 2 using a Sensormedics metabolic cart (V max series 29, Sensormedics, Yorba Linda, CA) during treadmill walking under conditions similar to those used for exercise in the metabolic chamber. Brie¯y, volunteers were allowed to warm up by walking on the treadmill at 3 mph and 0% incline for 2 min. The treadmill speed was then set at 3 mph and incline raised to 3% and EE measured continuously for the next 10 min. This EE was then used to calculate exercise time in the chamber as described below.
Free-living energy expenditure. In order to obtain an idea of the volunteers' habitual level of physical activity, freeliving EE was determined by using a triaxial activity monitor (TriTrac R3D, Reining International Ltd, Madison, WI). Volunteers were instructed to wear the device on their waist belt for three consecutive days, including two weekdays and one weekend day from the time they got up until they went to bed. Twenty-four hour free-living EE was then calculated as the average energy EE over the three days.
Calculations and statistics. RMR, free-living EE, and exercise EE were used to estimate energy requirements and treadmill time within the metabolic chamber by using the This equation assumes a 15% decrease in EE from physical activity in the metabolic chamber when compared to free-living conditions (energy balance: 0.33 AE 0.08 MJa 24 h; Roy and Lovejoy, unpublished observations). This estimate of 24 h EE was used to calculate treadmill time needed to achieve a daily EE of 1.4ÂRMR using eqn (2).
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Study 2
Subjects. Ten volunteers, three men and seven women, participated in this study. Their characteristics are shown in Table 1 . All participants were healthy as determined by physical examination. The study was approved by the Institutional Review Board of the Pennington Biomedical Research Center, and all participants gave their written informed consent.
Experimental design. Participants came to the research center on two non-consecutive days. On both days 24 h EE was determined in the metabolic chamber. Three times each day the volunteer performed 30 min of treadmill walking at 3 mph and a 3% incline, and was instructed to remain sedentary for the remainder of the time.
Diets. Participants were given a diet containing 35%EN fat, 50%EN carbohydrate and 15%EN protein, and energy intake was set at 10 000 kJaday. Except for the evening meal, which consisted of a frozen dinner, all diets were prepared in the metabolic kitchen of our institution. Diet composition was determined using a computerized food analysis software (Moore Extended Nutrient Database). The food was divided over three main meals and a snack. The diets contained commonly consumed food items.
Calculations and statistics. At 3 and 7 h into the chamber stay (ie at 12:00 noon and at 4:00 p.m.) a prediction of the ®nal 24 h EE was made as follows. The EE per min during sedentary periods were summed and averaged to determine the average rate of EE at rest, and the EE per minute during exercise was summed and averaged to determine the average rate of exercise EE. To predict EE for the remaining time, the average rate of EE at rest was multiplied by the min of rest for the remainder of the 24 h period, and the same was done for exercise. The EE during sleep was approximated by multiplying the min the participant was considered to be sleeping by the RMR as determined on a separate occasion. Although there is a consensus that sleeping metabolic rate is lower than RMR, we chose to use RMR as the overall EE during the night, from the moment the person went to bed until he or she got up in the morning. This assumption was recently validated (Zhang et al, unpublished observations). These estimates were then summed to obtain the predicted 24 h EE.
General methods
General chamber protocol. Volunteers entered the chamber each morning prior to breakfast at 09:00 am. Three meals and two snacks were provided at scheduled intervals and exercise on the treadmill was prescribed at 3 mph and 3% incline. Lights were turned out at 10:30 pm At 7:00 am the volunteers were awakened and at 7:30 am they left the chamber. In order to obtain 24 h EE the measured EE over 22 h and 30 min was extrapolated by duplicating EE readings obtained from 9:00 am to 10:30 am on the previous day.
24 h EE. Twenty-four hour EE and respiratory quotient (RQ) were measured in a whole room indirect calorimeter, as previously described. 1 Brie¯y, this room measured 3Â3.7Â2.4 m, with a total volume of 27 m 3 . The chamber was ventilated with fresh air at a rate of $ 60 lamin, and operated at an ambient temperature of 22.2 AE 0.5 C, and a relative humidity of 50 ± 65%.
The calorimeter had two windows, and was furnished with a futon bed, a desk, a chair, television, radioatape player, telephone, microwave, sink and toilet with privacy curtain, a treadmill, and a small refrigerator for the storage of urine or fecal samples. An air-locking food passage was used to pass the meals and any other items needed to the volunteers with minimal disturbance of the internal environment of the chamber. Video cameras and microwave motion detectors continuously monitored activity. The participants were able to contact the metabolic chamber personnel either by phone or intercom at all times.
Oxygen and carbon dioxide levels in the chambers were measured using a Magnos 4G magneto-pneumatic oxygen analyzer, and a Uras 3G infrared CO 2 analyzer (Hartmann and Braun, Frankfurt am Main, Germany), which both sampled O 2 and CO 2 concentrations 60 times per s. Every 10 s a computer program averaged these values, calculated the volumes of O 2 consumption and CO 2 production, and plotted the values at 10 min intervals.
On every test day the chambers were calibrated, before the participants entered the chambers, by using pure gas mixtures, and for determination of the accuracy and precision of the calorimeters, propane combustion tests were performed on a weekly bases. The accuracy of our chambers was 98.25% and 96.55%, for O 2 and CO 2 , respectively. The raw data for each chamber day were corrected by using the recovery rates for the propane test closest to the test day.
Prediction of energy expenditure in a metabolic chamber L de Jonge et al EE was calculated from VO 2 , CO 2 and 24 h urinary nitrogen excretion by using the equations established by Acheson et al. 19 Data were analyzed using SAS version 6.12 (SAS Institute, Cary, NC). The results were compared using a student's t-test for paired measurements, and signi®cance was set a priori at a P-value of less than 0.05. All values are presented as mean AE s.e.m. unless otherwise noted.
Laboratory analysis. Urinary nitrogen was measured on pooled 24 h urine collections using pyrochemiluminescence on an Antek 735 nitrogen analyzer (Antek Instruments, Houston, TX). Urinary creatinine was measured using the Jaffe rate reaction on a Beckman Synchron CX7 (Beckman Instruments, Brea, CA).
Results
Study 1
From the 14 volunteers participating in this study 10 completed the high activity protocol (1.8ÂRMR) and 4 completed the low activity protocol (1.4ÂRMR). Average treadmill walking time was 177 AE 22 min on the high activity days and 39 AE 9 min on the low activity days. The results of 24 h EE are presented in Figure 1 .
Measured 24 h EE was not signi®cantly different from the predicted values under either low (9.35 AE 0.56 vs 9.51 AE 0.47 MJaday; measured vs predicted) or high activity conditions (13.41 AE 0.74 vs 13.97 AE 0.78 MJaday; measured vs predicted). Average 24 h energy balance was 0.16 AE 0.29 MJ under the low-activity conditions and 0.56 AE 0.13 MJ under the high-activity conditions. When expressed as a multiplication factor of RMR, 24 h EE was 1.78 AE 0.03ÂRMR for high-activity, while under the low-activity conditions this factor was 1.37 AE 0.02.
Study 2
On both days in the chamber measured 24 h EE was not signi®cantly different from the predicted EE calculated at either 3 and 7 h into the day. Table 2 shows the average values for both chamber days, while the individual values are presented in Figure 2 . The developed algorithm predicted 24 h EE for 97.6 AE 4.0% of the measured value at 3 h into the test day, and for 98.6 AE 3.7% at 7 h into the test day.
Twenty-four hour EE was not signi®cantly different between the two days in the chamber. The within-person coef®cient of variation for 24 h EE was 5.2% while the between-person coef®cient of variation was 12.6%.
Discussion
Metabolic chambers are frequently used for the assessment of 24 h EE and substrate metabolism, and the effects of diet, exercise and pharmacological treatment on these. Although EE is in¯uenced very little by energy imbalance, this is not the case for substrate metabolism. In particular, fat balances are affected by situations of energy imbalance. 5 ± 7 It is therefore crucial for the interpretation of substrate metabolism that energy intake matches EE as closely as possible, and efforts are usually made to obtain this condition.
Because the day-to-day variability in EE is small 14 ± 17 one of the most commonly used approaches to ascertain that energy balance in a metabolic chamber is achieved is to measure 24 h EE on a separate day before the start of the study, and adjust energy intake accordingly. Although this is probably the most accurate method, it is quite expensive and time-consuming. We therefore have tried to develop a method to predict an individual's 24 h EE in a metabolic chamber without having to have the person spend time in the chamber.
Two separate approaches were used to achieve energy balance. In the ®rst study we measured RMR, free-living EE, and exercise EE before the ®rst study day, and calculated the amount of time necessary to obtain energy balance using these data both for a low (1.4ÂRMR) and high (1.8ÂRMR) level of physical activity. Measured EE was not signi®cantly different from the predicted values for either the high or the low physical activity condition. The difference ranged from 70.39 to 1.39 MJ for the high activity protocol, and from 70.92 to 1.65 MJ for the low activity protocol. This method was based on the method described by Roy et al (unpublished data) who compared free-living EE measured by activity monitor with 24 h EE in a metabolic chamber in a group of 17 males with similar characteristics as our participants. They found that EE in the chamber was on average 15% lower in the chamber when compared to free-living values. In order to reach free-living EE treadmill walking time was then calculated in a similar way as in our study with the exception that they used calculated values based on the individuals weight to determine exercise EE instead of measured values. The reason that we decided to measure exercise EE was that we needed to be able to predict EE at highphysical-activity levels as well, which involved much longer treadmill walking times, so that deviations from the calculated values would have a larger impact. This approach 18 published the results of a validation study where 24 h EE was measured on a separate occasion and energy intake was adjusted accordingly on the following days. Their average energy balance on the second day was 0.27 AE 0.11 MJaday. These results were comparable with the results obtained with our approach, suggesting that it is feasible to obtain energy balance without a previous measurement. Additionally, the advantage of our method over the method of Schrauwen et al 18 is that it allows to impose the appropriate level of EE on the volunteers, which can be far out of the range of spontaneously achieved values, as shown with our high-activity protocol.
For the second study we developed an algorithm to predict ®nal 24 h EE after 3 and 7 h into the metabolic chamber stay given different amounts of additional treadmill walking from that time point. This allows us to adjust either treadmill time andaor food intake during the day in the chamber in order to achieve energy balance. At the 3 h time point ®nal EE was compared with the predicted value when 60 min of exercise would be included over the remainder of the day. At the 7 h time point ®nal EE was compared with the predicted value with 30 min of additional exercise. At 3 h into the study the average difference between the predicted and the measured EE was 70.3 AE 0.2 MJ (range 72.4 to 1.4 MJ). For the 7 h time point this difference was 0.3 AE 0.3 MJ (range 72.4 to 1.5 MJ).
On both time points the prediction was on average within 3% of the measured value, suggesting that the developed algorithm is a useful tool for the prediction of the ®nal EE during the measurement of 24 h EE. It therefore would allow for possible adjustment of either the exercise prescription or energy intake, in order to improve energy balance during a stay in the metabolic chambers.
For one of the participants the predicted value overestimated the measured value by almost 30% at both time points. She later admitted that she fell asleep at around 7:00 pm, 3.5 h earlier than scheduled. Although no treadmill walking was scheduled during this period of time it did include activities such as changing clothes, changing the futon from a sofa into a bed and making the bed, which do require signi®cantly more energy than sitting and watching TV. When this observation was eliminated, the predicted observations were 99.08 AE 2.4% and 100.17 AE 2.5% at 3 and 7 h, respectively, and were within 15% of the measured values for each individual. This incident shows the importance of adherence of the study participants to the prescribed study protocol in order to obtain energy balance. Figure 2 Measured 24 h EE, and predicted EE at (A) 3 and (B) 7 h into the measurement.
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The results of both studies show that it is feasible to accurately predict an individual's EE in a metabolic chamber on both a high and a low level of physical activity, without having to perform a preliminary measurement before the actual study starts. This would technically imply that a 3 h measurement of EE could replace a 24 h EE measurement. However, one has to keep in mind that we are dealing with an estimation. So whether the 3 h measurement can replace the 24 h measurement will depend on how precise a measurement is required. Also, one has to keep in mind that the prediction holds for EE but not for substrate oxidation.
Another aspect that has to be kept in mind is that in how far ®nal energy balance will actually be achieved not only depends on EE but equally on energy intake. In most cases the menu eaten in the chamber is calculated from food composition tables prior to the start of the study, while the ®nal composition and caloric value is actually chemically assessed. Although the tables are usually quite accurate, there is always a certain variability in the composition of the actual eaten menu, which can in¯uence the ®nally obtained energy balance. One has therefore to keep in mind that the above described methods are a useful tool to achieve a condition as close as possible to the desired EE, but that the ®nally achieved energy balance is dependent on how closely the actually eaten food matches the food composition tables.
